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The large majority of the accreting supermassive black holes in the
Universe are obscured by large columns of gas and dust'~. The lo-
cation and evolution of this obscuring material have been the sub-
ject of intense research in the past decades**, and are still highly
debated. A decrease in the covering factor of the circumnuclear
material with increasing accretion rates has been found by studies
carried out across the electromagnetic spectrum”®®. The origin of
this trend has been suggested to be driven either by the increase in
the inner radius of the obscuring material with incident luminos-
ity due to the sublimation of dust’; by the gravitational potential
of the black hole'’; by radiative feedback''~'; or by the interplay
between outflows and inflows'>. However, the lack of a large, un-
biased and complete sample of accreting black holes, with reliable
information on gas column density, luminosity and mass, has left
the main physical mechanism regulating obscuration unclear. Us-
ing a systematic multi-wavelength survey of hard X-ray-selected
black holes, here we show that radiation pressure on dusty gas is
indeed the main physical mechanism regulating the distribution of
the circumnuclear material. Our results imply that the bulk of the
obscuring dust and gas in these objects is located within the sphere
of influence of the black hole (i.e., a few to tens of parsecs), and
that it can be swept away even at low radiative output rates. The
main physical driver of the differences between obscured and un-
obscured accreting black holes is therefore their mass-normalized
accretion rate.

Our group has carried out a large multi-wavelength study of the 836
accreting supermassive black holes (i.e., active galactic nuclei or AGN)
detected by the all-sky hard X-ray (14—195 keV) Swift Burst Alert Tele-
scope survey'®!7 (see §1 of the Methods). The energy range covered
by Swift/BAT makes it ideal for studying the characteristics and evolu-
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Figure 1: Relation between the fraction of obscured AGN and the
Eddington ratio. The fraction of obscured Compton-thin [10%* <
(Ni/em™2) < 10**] sources shown as a function of the Edding-
ton ratio Agaq (i.e. the AGN luminosity normalized by the maxi-
mum value for solar-metalicity, fully-ionized, dust-free gas in a spher-
ical geometry) for our hard X-ray selected sample in the 107°¢ <
AEda < 1 range. The values are normalized to unity in the 10%° <
(Nu/ecm™?) < 10%* interval. The shaded area represents the 16th and
84th quantiles of a binomial distribution®. The vertical red dashed
line represents the effective Eddington limit for a dusty gas'® with
Nu = 10*2cm ™2 (see §2). The figure shows that the covering factor
of the obscuring material with 10*? < (Ny/cm™?) < 10?* decreases
sharply around the Eddington limit for dusty gas, highlighting the fact
that radiation pressure strongly affects obscuration in AGN.

tion of the absorbing material surrounding the AGN, being unaffected
by obscuration up to column densities Ng ~ 10** cm™2. Moreover,
this is a local sample of AGN, with a median redshift of z ~ 0.037
(distance D ~ 162 Mpc), for which reliable estimates of the black hole
mass (Mpn) can be obtained. We analyzed spectroscopic data in the X-
ray (0.3-150keV) and optical bands, which allowed us to place strong
estimates on the column densities and intrinsic X-ray luminosities'®,
and to infer the black hole mass for 392 AGN'". These measurements
allow us to study the relation between obscuration and accretion prop-
erties for a large number of hard X-ray selected accreting black holes,
in unprecedented detail.

In Figure 1 we show, for this large and unbiased sample of AGN,
the relation between the fraction of Compton-thin obscured sources
[10%? < (Nm/cm™?) < 10**] and the mass-normalized accretion rate
(i.e., the Eddington ratio, Agaa o L/Mgn, see §2). The fraction of
obscured sources, i.e. the covering factor of the Compton-thin circum-
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Figure 2: Relation between the fraction of obscured AGN and the
luminosity for different ranges of Eddington ratio. The fraction of
obscured Compton-thin [22 < log(Nu/ cm’2) < 24] sources shown
as a function of the intrinsic (i.e. absorption-corrected) X-ray lumi-
nosity for the sources of our sample divided into two ranges of Ed-
dington ratio: Agga < 10~ (blue) and 10710 < Apdd < 1 (red).
The shaded area represents the 16th and 84th quantiles of a binomial
distribution®. The figure shows that any luminosity dependence of
the covering factor of the obscuring material disappears when different
intervals of the Eddington ratio are considered. This implies that the
parameter driving the evolution of the circumnuclear material is the Ed-
dington ratio and not the luminosity, and that the bulk of the obscuring
material is located within the region in which the gravitational potential
of the supermassive black hole dominates over that of the galaxy.

nuclear material, exhibits a sharp decline at Agaq ~ 0.02—0.05 (drop-
ping from fobs =~ 80% to ~ 30%). This range in Agaq corresponds to
the Eddington limit for dusty gas'® (i.e., the effective Eddington limit,
A ). The cross-section of gas coupled with dust is in fact higher than
that of ionized hydrogen'', and the Eddington limit can be reached at
AEdd = /\CEffid ~ 1072 (§2). The values of fons are normalized over
the N = 10%° — 10%* cm ™2 range, and the uncertainties reported on
the fractions of unobscured and obscured Compton-thin AGN represent
the 16th and 84th quantiles of a binomial distribution®.

The luminosity-dependence of the fraction of obscured sources, which
is clearly observed for the whole sample (§3.1), disappears almost en-
tirely when dividing the sources into bins of Agqq (Figure 2). On the
other hand, separating the sources in different ranges of luminosity
and Mpn we find the same trend between f,,s and Agqa obtained for
the whole sample (§3.2). Similar to what is observed for fons, the
median column density decreases sharply from Ni ~ 10%* cm ™2 to
Nu ~ 105 ¢cm™2 at Agaa 2 0.02; the same behaviour is also found
when dividing the sample to subsets covering different ranges of lumi-
nosities and black hole mass (§3.2). These results show that the main
physical mechanism regulating the covering factor and the amount of
material around black holes is radiation pressure on dusty gas.

The effective Eddington limit increases with Ny, due to the larger
amounts of material that radiation pressure needs to push away for
larger column densities''. In Figure 3 we illustrate the distribution of
the sources in our sample in the Ny — Agaq diagram'>!'* (§2). The
white area corresponds to values of Agqq above the effective Edding-
ton limit for a given column density. AGN in this region are expected
to expel their circumnuclear material through radiation pressure. Only
1.473-7% of the sources in our sample are found in this blowout re-
gion, which implies that the radiative feedback from the AGN can very
efficiently clear out the close environment of the accreting black hole
at Apaa << 1. For a given value of Agqq the range of column densities
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Figure 3: Eddington ratio—column density diagram. The continuous
line represents the effective Eddington limit for different values of col-
umn density, for a standard dust grain composition of the interstellar
medium'*. The horizontal line at Ng = 10?2 cm ™2 shows the region
where dust lanes from the host galaxy are typically expected to con-
tribute to the line-of-sight column density. The blowout region, i.e. the
place in the Ny — Agaq diagram where radiation pressure would push
away the obscuring material [i.e. Agaa > Aghq(Nm)], is shown in
white. The region where the Eddington ratio is below the Eddington
limit for dusty gas is shown in green. The stars represent the objects
of our sample; unobscured sources were assigned the upper limit of
Nu = 10*° cm 2. The two crosses on the top left show the typical
1-o confidence intervals for Compton-thick (top) and Compton-thin
(bottom) AGN.

observed is likely related to different viewing angles, as foreseen by the
standard unification model of AGN?', which ascribes most of the differ-
ences between obscured and unobscured AGN to different inclinations
with respect to a toroidal structure of gas and dust that surrounds the
accreting source.

We find a tentative decrease of fobs at Apaa < 1074, with only
40f§(l)% of the sources being obscured by Compton-thin material. A
similar trend is found for the median column density. It has been pro-
posed that the obscuring material is related to outflows produced by
radiation pressure from the accretion disk®. One of the postulates of
such a model is that at low Agqq only a limited amount of obscuring
material is puffed up, leading to a smaller covering factor. This is sim-
ilar to what is shown here. Alternatively, the low Eddington ratio itself
could be driven by the limited amount of dusty gas available for the
accretion process.

We calculated the intrinsic column density distribution of AGN in
the local Universe by taking into account the selection effects of the
Swift/BAT survey (§4). We find that, for AGN in the 1074 < Agdd <
10715 range, the fraction of Compton-thick [Ny > 10%* cm™2] AGN
is for = 23 + 6%, while for those with 1071° < Apqq < 1 the
value is for = 22 £+ 7%. Therefore, while the covering factor of
Compton-thin material decreases dramatically with increasing Agdd,
the Compton-thick material does not follow the same trend. The origin
of this difference may be due, at least in part, to the increase of the
effective Eddington limit with increasing Ny. In Figure 4a we show
the evolution of the covering factor with the Eddington ratio, for both
Compton-thin and Compton-thick material. This shows that accreting
black holes with 10™* < Agaa < 1 can be generally divided into two
types. AGN with Agqq < 107'® have obscurers with a large cover-
ing factor (~ 85%), while those with Agqq > 10~ '® have outflowing
material and a smaller covering factor (~ 40%), half of which is asso-
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Figure 4: Radiation-regulated unification of AGN. Panel a: relation
between the covering factor of dusty gas and the Eddington ratio in-
ferred from our study for both Compton-thick and Compton-thin AGN.
In this scheme, defined for 10™* < Agdd < 1, the main parameter
regulating the probability of a source being obscured is the Edding-
ton ratio. The black solid curve shows the covering factor of both
Compton-thin (yellow area) and Compton-thick (green area) material,
while the shaded areas represent the 1o uncertainties. The covering
factor of the material is significantly larger at Agqq < 1075 (~ 85%,
of which 64 4 5% Compton thin and 23 4= 6% Compton thick) than at
AEaa > 107 (=~ 40%, of which 1944% Compton thin and 224 7%
Compton thick). Panel b: Schematic representation of the material sur-
rounding supermassive black holes for different ranges of Eddington
ratio.

ciated with Compton-thick material (see Figure 4b).

Our results imply that the probability of an AGN to be obscured is
mostly driven by the Eddington ratio (i.e., a radiation-regulated unifi-
cation model). This also shows that there is an intrinsic physical differ-
ence between obscured and unobscured AGN, i.e. unobscured sources
have typically higher Agaq. Therefore, studies that adopt obscured
AGN as a proxy for the entire AGN population may be inherently bi-
ased against highly accreting systems. The two other parameters reg-
ulating the probability of an AGN to be obscured are the inclination
angle between the polar axis of the dusty gas structure and the line-of-
sight, and whether the host galaxy is in the last stages of a merger or
not. Both simulations?? and recent observations?>~>> have in fact shown
that mergers of galaxies can trigger the inflow of material onto the inner
parsecs of the system, thus increasing the amount of obscuration.

The presence of only a small number of obscured sources at Agqq >

Aeft 4 suggests very short timescales for clearing the obscuring mate-
rial. This, combined with the fact that f,s intrinsically depends on
AEdd (x L/Mgmn), implies that most of the line-of-sight obscuring ma-
terial is located within the region in which the gravitational potential of
the black hole dominates over that of the host galaxy. If this were not
the case then indeed the luminosity would be the main parameter driv-
ing the covering factor, and there should be no dependence on Mpw.
However, we cannot exclude that in some cases at least part of the ob-
scuration is related to the host galaxy. Considering a typical range of
black hole masses (Mpn ~ 10% — 10° M), this suggests that the bulk
of obscuring gas and dust is found within ~ 1.5 — 65 pc from the

black hole (see §3.2), consistent with the compact pc-scale IR-emitting

structures found in local AGN by interferometric observations.

The results of our analysis may be considered in the framework of an
evolutionary scenario for episodic black hole growth. We envisage that
an initially inactive black hole (i.e., A\gaa < 107%) is triggered by an
accretion event, and moves to higher Ny and Agadq, before reaching
A, (white region in Figure 3) and expelling most of the obscuring
material. The AGN would then spend some time as unobscured before
consuming all of its remaining accretion reservoir and moving back to
alow Agqq. For Agqq Z 0.02 — 0.06 most of the Compton-thin dusty
gas is expected to be expelled from the vicinity of the black hole in
the form of outflows, and could drive the elongated mid-IR emission
recently identified by interferometric’’” and single dish®® observations
of AGN. Such outflows could ultimately interact with the host galaxy,
potentially affecting star formation and giving rise to the observed re-
lations between supermassive black holes and galaxy bulges*°.
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Methods

1 The 70-month Swifi/BAT AGN sample

The Burst Alert Telescope (BAT'7*!) on board the Swift satellite'®
has been carrying out an all-sky survey in the 14-195 keV energy range
since December 2004. The latest release of the Swift/BAT source
catalogue™ contains 836 AGN detected in the first 70 months of the
mission. Among these, a total of 105 blazars were identified from the
latest release of the Rome BZCAT catalogue® and based on recent
literature. In the following we will refer only to the 731 non-blazar
AGN, to avoid effects related to beaming and extended X-ray sources.
The non-blazar AGN sample is local, with a median redshift and dis-
tance of z ~ 0.0367 and D = 161.6 Mpc, respectively. The all-sky
coverage and hard X-ray selection, together with the fact that the sam-
ple is dominated by local AGN, makes it possibly the best existing
sample to study the relation between the obscuration and the physical
characteristics of these accreting supermassive black holes (SMBHs).
The Swift/BAT AGN spectroscopic survey (BASS) is a large effort our
group has been carrying out to study local hard X-ray selected AGN
across the entire electromagnetic spectrum, and in particular in the X-
ray and optical regimes (§1.2). The first results of BASS include the
study of the 55 Compton-thick AGN detected by Swift/BAT [Ref. 3,
see also Ref. 34,35], the analysis of near-IR emission lines’®, the study
the relation between AGN X-ray emission and high-ionisation optical
emission lines [Ref. 37, see also Ref. 38], the study of the link be-
tween the physical parameters of the accreting SMBH and optical nar-
row emission lines®, and the analysis of the relationship between the
X-ray photon index and the Eddington ratio*’.

1.1 X-ray data and spectral analysis. X-ray data at softer ener-
gies (0.3-10keV) are available for 834 out of the 836 sources (99.8%)
reported in the 70-month Swift/BAT catalogue. A detailed account
of the reduction, cross-calibration, and spectral analysis of the en-
tire X-ray dataset is given in Ref. 18, and here we highlight the as-
pects relevant for the analysis of the non-blazar in the present study.
The X-ray spectral analysis was carried out in the 0.3-150 keV range
by combining the 70-month averaged Swift/BAT spectra with data
below 10keV collected using Swift/XRT XMM-Newton/EPIC, Chan-
dral ACIS, Suzaku/XIS, and ASCA/GIS/SIS. The 0.3-150keV spectra
were typically modelled considering the following components: i) an
absorbed power-law model with a high-energy cutoff, to reproduce the
primary X-ray emission (considering both photoelectric absorption and
Compton scattering); ii) an unobscured reflection component, which
was taken into account by using a slab reflection model (PEXRAV*');
iii) a soft excess component; iv) a Gaussian line to reproduce the Fe
Ka emission line*>™**; v) a cross-calibration constant to account for
possible flux variability and calibration uncertainties between the soft
X-ray observations and the 70-months averaged hard X-ray emission.
For unobscured AGN we used a blackbody model to reproduce the soft
excess, while for obscured sources we included a scattered component
in the form of a power-law with a cutoff. The normalization and photon
index of the scattered emission were fixed to those of the primary X-
ray emission, and this component was multiplied by a constant, which
was left free to vary and had a typical value of a few percent*™*®. For
obscured AGN we also considered, when warranted by the data, emis-
sion from collisionally ionized plasma. We included additional Gaus-
sian features to remove possible residuals in the rest-frame 6-7.5 keV
region and/or below 4 keV. In order to improve the constraints on the
column density and intrinsic luminosity, we fitted the broad-band X-
ray spectra of the AGN with N consistent with > 10** cm ™2 within
their 90% confidence intervals with a physical torus model*’, which
considers absorption and reflection for a spherical-toroidal geometry.
To this model we added a scattered component and, if required by the
data, additional components of Gaussian lines, a cross-calibration con-
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Extended Data Figure 1: Eddington ratio distribution for differ-
ent classes of AGN. Histograms of Aggqq for unobscured [Ny <
10*2 cm ™2, panel a], obscured Compton-thin [102 < Ny <
10%* cm ™2, panel b] and Compton-thick [Ny > 10%* cm ™2, panel
c] AGN. The vertical red dashed lines show the median values for the
different subsets of sources.

stant and collissionally ionized plasma. Completely unabsorbed AGN
[Ny 5 10%° cm72] were arbitrarily assigned Ng = 10%° cm™2.
The median of the 90% confidence interval of the column density is
0.12dex for AGN with Ny = 10°° — 10** em ™2, and 0.35 dex for
Compton-thick AGN.

The intrinsic luminosity in the 2—-10keV range (i.e., absorption
and k-corrected) was calculated assuming a cosmological model with
Ho = 70kms™ ' Mpc™!, Qm = 0.3 and Qx = 0.7. The first results
of this work have been reported in Ref. 3, where we found that the in-
trinsic fraction of Compton-thick [log(Nw /cm™2) = 24 —25] AGN is
27 4+ 4%, and discussed the intrinsic distribution of Ny of AGN in two
luminosity bins. The identification of Compton-thick sources in Ref. 3
has been recently confirmed by an independent work carried out using
a Bayesian approach®.

1.2 Optical data and black hole masses. Optical spectroscopy has
been obtained for 642 AGN, allowing to infer black hole masses (M)
for 429 non-blazar AGN, of which 232 are unobscured, 166 are
Compton-thin obscured and 31 are Compton-thick AGN. We refer the
reader to Ref. 19 for a detailed description of the data and procedures
used to derive black hole masses. We briefly outline in the follow-
ing how we selected the most robust black hole mass estimates for our
sources, and the number of objects for which each black hole mass
estimation was adopted.

First, for 51 of our AGN, we used literature values reported by
studies where Mpu was determined through “direct” methods, includ-
ing maser emission (eight AGN), spatially resolved gas- or stellar-
kinematics (four and two objects, respectively), and/or reverberation
mapping (37 AGN, using the recent compilation of Ref. 48). Next,
for 213 AGN we derived masses from single-epoch spectra of either
the broad HB (170 objects) or Ha (43 sources) emission lines, follow-
ing prescriptions that are fundamentally based on the results of rever-
beration mapping. From this subset we removed the 37 sources with
Ny > 10?2 Cm72, as their black hole masses are likely underesti-

mated because of extinction of the optical emission, and particularly the
continuum and/or the broad Balmer lines. For H3, we used the same
spectral decomposition method and Mgy prescription as described in
Ref. 49. For Ha, we used the spectral decomposition method described
in Ref. 50, and the Mgy prescription of Ref. 51. The uncertainties on
these single-epoch Mgy determinations are of order ~ 0.3 — 0.4 dex
[e.g., Ref. 52,53 and references therein]. Finally, for 165 objects, Mpu
was estimated by combining measurements of the stellar velocity dis-
persion, o, and the Mpu — o, relation, using the prescriptions out-
lined in Ref. 30. For these objects the uncertainties on Mgy are also
~ 0.3 — 0.4 dex™. Among the sources with log(Nm/ecm™2) < 22
the black hole masses were obtained using broad HB (156), reverbera-
tion mapping (35), broad Ha (20), velocity dispersion (19), stellar (1)
and gas (1) kinematics. For the objects with log(Nyg/cm™2) > 22
we used velocity dispersion (146), masers (8), reverberation mapping
(2), and gas (3) and stellar (1) kinematics. The objects with black hole
masses are a representative subsample of all Swift/BAT detected AGN:
performing a Kolmogorov-Smirnov test on the two distributions of the
intrinsic 14-150 keV luminosity we obtain a p-value of ~ 0.98.

2 The Eddington limit for dusty gas and the Ny —Agqq
diagram

The Eddington limit is defined as the luminosity at which the radia-
tion pressure from a source, in this case the accreting SMBH, balances
the gravitational attraction. This is typically determined using the fol-
lowing equation:

Liad = 47rGMmpc7 )

aT

where G is the gravitational constant, )/ is the mass of the system
(in this case M = Mpgn), my is the mass of the proton, c is the
speed of light, and o is the Thomson cross-section. The Eddington
ratio is the ratio between the bolometric and the Eddington luminos-
ity (ARaa = LBol1/Lraa). Here we calculated the bolometric lumi-
nosity from the intrinsic (i.e. absorption and k-corrected) 2-10keV
luminosity, using a 2-10keV bolometric correction kK2—190 = 20
(Ref.55). We conservatively estimate that the typical uncertainty on
Aidd 18 ~ 0.5dex. The Eddington ratio distribution of the sources
of our sample divided into unobscured [Ng < 1022 e~ 2], obscured
[10*2 < Nu < 10** cm™2] and Compton-thick [Ny > 10%* cm™?]
AGN is shown in Extended Data Figure 1, while in Extended Data Fig-
ure 2 we show the scatter plot of Agqq versus the 2-10 keV luminosity
(L2—10; panel a) and Mpn (panel b).

The cross-section of the process used in Equation 1 is that of the
photon-electron scattering (i.e. the Thomson cross-section), so that the
Eddington limit is defined for ionized hydrogen. However, if the ma-
terial includes both dust and gas, then the effective cross-section'! of
the interaction between radiation and matter, o3, is larger, o; > oT.
The effective cross section is averaged over the incident spectrum, and
depends on the physical properties of the material (i.e., Ny, ionization
state, chemical composition, dust content). Therefore, for dusty gas,
the effective Eddington limit would be lower!!3 than that obtained us-
ing Lgaa from Equation 1. One can define the effective Eddington limit
as Mg, = 1/A, where the boost factor'! A can simply be thought as
the ratio between the effective, frequency-weighted absorption cross-
section and the cross-section for ionized hydrogen: A = o;/or. For
AEaa > AT, the force exerted by the radiation field surpasses that of
the gravitational pull.

Using cLOUDY”’ it has been shown that, for dusty gas, the
boost factor ranges from several hundred (for Ng ~ 10%° cm™2) to
unity (for Ng ~ 10?4 cm™?). Since dust absorption is greater in the
UV, this portion of the SED has the strongest influence in driving the
material away. However, in the UV the material becomes optically
thick already at Nz ~ 10%! cm ™2, so that the outer layers are pushed

11,13,14
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Extended Data Figure 3: Fraction of obscured sources versus lumi-
nosity. Fraction of obscured Compton-thin sources versus the intrinsic
14-150 keV luminosities for the non-blazar AGN of the Swift/BAT 70-
month catalog. The fraction of obscured sources is normalized in the
Nu = 10%° — 10** cm~? range. The filled area represents the 16th
and 84th quantiles of a binomial distribution®.

by the inner ones. As explained by Ref. 13, the X-ray emission keeps
the gas and dust weakly ionized, ensuring that they are effectively
bound by Coulomb forces and that the pressure on the dust grains is
also exerted on the (partially) ionized gas.

It should be noted that the accretion disc is thought to emit
anisotropically, with the frequency-specific flux density decreasing
with higher inclination angles (F' o cos6;). Moreover, the UV ra-
diation, which constitutes most of the bolometric output of the AGN,
may be even more strongly collimated than the optical radiation (i.e.,
due to limb darkening). Thus, one would expect that also the radiation
pressure exerted on the dusty gas has a similar dependency on the incli-
nation angle®®. This could contribute to the anisotropy of the obscuring
material, since radiation pressure would preferentially remove gas and
dust located pole-on with respect to the accretion disk. The values of
Xeff | for different grain compositions have been calculated by Ref. 14,
who showed that, considering a grain abundance typical of the interstel-
lar medium, the accreting SMBH would be able to push away material
with a column density of Ny ~ 102 cm ™2 (Ng ~ 10 cm™?) al-
ready at Agaa =~ 0.02 (Agaa =~ 0.15). The increase of X]i:ffid with Ny
is due to the larger weight radiation pressure needs to push away.

One can define a forbidden (or blowout) region in the Ng — Agdd
diagram where long-lived clouds of dusty gas cannot exist, due to radi-
ation pressurel3’l4’29’59’60. The Ny — Agdq diagram for the sources of
our sample is shown in Figure 3, together with the theoretical values of
At for dusty gas'® as a function of Nir. We extend here the effective
Eddington ratio to log Agaa > 0 by linearly extrapolating A4 (Nw)
from Ng < 10** cm™> (Ref. 14) to Ng > 10** cm™>. We find that
most of the sources of our sample are well within the limits expected
by radiation pressure on dusty gas, and tend to lie outside the forbidden
region (the white area in the figure).

3 The covering factor of the Compton-thin obscuring
material and its relation with luminosity and Ed-
dington ratio

3.1 Obscuration and luminosity. The fraction of obscured

Compton-thin sources (fobs) is directly connected to the covering

factor of the obscuring material surrounding the accreting SMBH. The

first evidence of a decrease of f,n,s with AGN luminosity was obtained
studying the ratio between type-I and type-II AGN (i.e., objects
with and without broad optical emission lines, respectively) more
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the whole sample is obtained when looking at different bins of Li4—150 and Mpm, confirming that the Eddington ratio is the main parameter

driving obscuration.

than 30 years ago®. This trend was confirmed by successive optical
studies”%?, while X-ray studies have clearly shown that the fraction of
Compton-thin obscured sources decreases with the luminosity>> %72
with a slope of fobs o —0.226log(Le—10/ergs™") in the
42 < log(La—10/ergs™) < 46 range®. This trend was also
shown to reproduce the observed decrease of the Fe Ko equivalent
width with increasing luminosity”® (i.e., the X-ray Baldwin effect’*"%),
and it has been shown to be due to the intrinsically different space
densities of obscured and unobscured AGN for a given luminosity"’".
In the IR, the covering factor of the dust can be inferred as the ratio
between the mid-IR and the bolometric luminosities. This is driven
by the idea that the fraction of the bolometric AGN luminosity repro-
cessed by the dust surrounding the accreting system is proportional
to the covering factor of the dusty absorber. Similarly to what was
found in the optical and X-ray bands, several IR studies have shown
that the covering factor of the dust decreases with the bolometric
1uminosity7’8'78'85. We note, however, that several other IR studies of
high-luminosity AGN (including at high redshifts) do not identify such
a trend®.

The covering factor of the obscuring material in the IR can also
be obtained by fitting the SED with torus models®”™*, and analy-
ses performed using clumpy torus models have confirmed the exis-
tence of a decrease of the covering factor of the dust for increasing
luminosities® *®, while showing that typically the tori of type-II AGN
have a larger number of clouds than those of type-I AGN®’. This is
likely to be a selection effect: considering a randomly drawn inclina-
tion angle, sources with large tori and high numbers of clouds are more
likely to be observed as type-Il AGN"®.

The receding torus model’, which was proposed to explain the
decrease of the covering factor of the absorber with the luminosity,
foresees that the inner radius of the obscuring material is set by the
dust sublimation radius®*™'!| which scales with luminosity following
Ry oc L5, Assuming that the height of the torus does not change, this
model predicts that the fraction of the accreting system covered by the
obscuring material would be fons o< L~%°. However, X-ray studies
have shown that the slope of the fors — L trend is flatter than expected
by this model'. Moreover, using optically-selected sources it has been
recently argued that the relation between the fraction of type-I AGN
and the luminosity appears to be more complex, and that the Edding-

ton ratio might play a role’. X-rays are absorbed by both dust and
gas, so that pushing further away the sublimation radius for increas-
ing luminosities may not be enough to affect X-ray obscuration. It has
been recently proposed that, while in low-luminosity sources most of
the absorption could be related to the dusty torus, in AGN with high lu-
minosity part of the obscuration might be due to dust-free clouds in the
broad-line region located well within the sublimation region'®?. These
clouds would obscure only the X-ray emission and not the optical ra-
diation, and could explain the existence of sources that are optically
unobscured but show evidence of absorption in their X-ray spectra’.
In a recent work carried out using a physical IR torus model®, it has
been shown that the anisotropic emission of the torus should be taken
into account when computing the dust covering factors, and would flat-
ten the decline with luminosity. Similarly, it has been proposed'™ that
the anisotropic reprocessed X-ray radiation from the torus might af-
fect the relation between fons and the X-ray luminosity. Several of
the outstanding issues with the X-ray-through-IR unification scheme
of AGN, and particularly the receding torus model, are discussed in
recent reviews!%1%5

From our complete sample of Swift/BAT non-blazar AGN we find
a behaviour of fons similar to what has been found by previous stud-
ies of local AGN (Extended Data Figure 3; see also Refs. 1, 67, 1006),
with a peak at log(Lia—150/ergs™") =~ 43, a rather steep de-
cline up to log(L1a—150/ erg sfl) ~ 45, and a tentative decrease at
log(L14—150/ ergs™ 1) < 42.
3.2 Obscuration and Eddington ratio. While the relation between
the covering factor and the luminosity has been the subject of intense
study over the past decades, very little is currently known about the ef-
fect of the Eddington ratio on obscuration. Possible evidence of a dif-
ference in the Agqq distributions of obscured and unobscured AGN has
been found by earlier studies carried out using Swift/BAT'"” and INTE-
GRAL IBIS/ISGRI?, and from the analysis of AGN at higher redshifts
in the Cosmic Evolution Survey field'®. More recently, it has been
suggested'® that the fops — Agad relation might have a shape simi-
lar to that of the f,,s — La—10 relation, and that the Eddington ratio
might drive the covering factor of dust''’. However, none of the stud-
ies carried out so far was able to disentangle the lower average A\gdd
of obscured AGN from the underlying differences in the luminosity
functions of obscured and unobscured AGN.
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Extended Data Figure 5: Relation between the fraction of obscured
AGN and the Eddington ratio assuming different bolometric cor-
rections. The bolometric corrections used are dependent on the bolo-
metric luminosity (panel a) and on the Eddington ratio (panel b).
The shaded areas represent the 16th and 84th quantiles of a binomial
distribution®. The figure shows that our results are mostly independent
on the choice of the bolometric correction.

The dependence of the f,ns on the luminosity disappears when di-
viding the sample into different bins of Agaq. This is confirmed by per-
forming a linear fit on fobs (L), which results in slopes of —0.0540.43
and 0.02 + 0.06, for the Agaa < 107"° and 10™"® < Agaa < 1 bin,
respectively. The disappearance of a strong correlation between fobs
and the luminosity is also found using different thresholds of Agda
(e.g., 107" and 10™"7). Performing a linear fit on fops(Agaa) in
the —3 < log Agaa < 0 range we obtained a p-value of 0.003, show-
ing the existence of a significant correlation. The strong dependence of
the fraction of obscured sources on Agaq is confirmed by the fact that
dividing our sample into different ranges of the intrinsic 14-150 keV
luminosity or black hole mass (panels a and b of Extended Data Fig-
ure 4, respectively) all subsets of sources show the same trend observed
for the whole sample. The same result is obtained when using different
thresholds of luminosity (e.g., 10** ergs™! and 10**% erg s ™), black
hole mass [e.g., log(Mpu/My) > 8.5 and log(Mpu/Mp) < 8],
or removing objects with luminosities < 10**® ergs™!. The fraction
of obscured sources decreases more steeply in the range 10717 <
Aiada < 10775 than in the range 1072 < Agaa < 107%75. Perform-
ing a linear fit we find fops = (—0.390 £ 0.068) — (0.606 £ 0.056) x
log Agda and fobs = (0.496 £ 0.136) — (0.113 £ 0.060) X log Agad
for the former and latter intervals in Agaa, respectively. The similar
linear fit over the range 10756 < Agaa < 1072° yields fobs =
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Extended Data Figure 6: Median value of the column density versus
Eddington ratio for AGN with 20 < log(Nm/cm™?2) < 24. The plot
highlights the sharp transition at log Agqqa ~ —1.5 between AGN being
typically significantly obscured to unobscured. The filled area shows
the median absolute deviation. The dashed vertical lines represent
the effective Eddington limit for a dusty gas with Ng = 10%*? cm™>
(A& 1(22)] and Ny = 10% cm 2 [Ag54(23)] for standard dust grain
composition of the interstellar medium, showing that radiation pressure
regulates the median column density of AGN.

(1.48+£0.35) + (0.21 +0.11) x log Agda. In calculating the fractions
of obscured Compton-thin AGN we took into account the fact that we
have a slightly larger number of unobscured AGN than obscured AGN
for which the black hole mass was estimated. We find a significant pos-
itive correlation (p-value=0.0064, slope 0.20 = 0.07) between Ny and
AEad for objects with Ny > 10?2 cm 2. This is likely, at least in part,
a selection effect, consistent with the idea that larger column densities
are necessary to withstand increasing radiation pressure.

We verified whether the presence of mergers might affect our re-
sults, since the AGN in these objects might be significantly more ob-
scured than those in isolated galaxies™>>34. In order to be conserva-
tive, we removed from our sample the 32 AGN found in interacting sys-
tems (e.g., Ref. 111), including galaxies both in early and late merger
stages. We found for this subsample a relation between obscuration and
Eddington ratio consistent with what we obtained for the whole sam-
ple. Similarly, the relation between fons and the luminosity disappears
for this subsample when dividing into different bins of Ag4q.

Our results are largely unaffected by the bolometric cor-
rections adopted.  Considering luminosity-dependent bolometric
corrections'® ! we find the same sharp decrease in the fraction of
obscured sources at Agaa ~ Aghq (10?2 cm~?) (Extended Data Fig-
ure 5a). Similarly, using the Eddington-ratio dependent bolometric
corrections of Ref. 113 we find results in very good agreement with
what was obtained assuming x2—10 = 20 (Extended Data Figure 5b).
Assuming the Agqq-dependent bolometric corrections of Ref. 108 we
find that the decrease of fons is found at lower Eddington ratios
(Agda >~ 1073). This is due to the fact that the bolometric correc-
tion at low Agaq is extremely small (k2—10 ~ 4). Moreover, using
these corrections we find that 70 sources are accreting at Agaa > 1,
which corresponds to ~ 18% of our sample. Such a large fraction of
super Eddington sources in our local AGN sample is rather unlikely.

In agreement with the idea that radiation pressure is the main
driver of nuclear obscuration, the median column density decreases
very rapidly at Agaq ~ 10~ '® (with a significance of ~ 120, Ex-
tended Data Figure 6). A similar trend is observed dividing the sam-
ple into different ranges of the intrinsic 14—150 keV luminosity and of
black hole mass (panels a and b of Extended Data Fig. 7, respectively).



The radius of the sphere of influence'™* (rsmpn) is rsmpa =

GMgu/ Uf, where G is the Gravitational constant. Considering the
relation between black hole mass and stellar velocity dispersion®
[Mpu/10° Mg =~ 0.309 x (0./200kms™)*3¥] for black hole
masses in the Mg ~ 10% — 10° M range, the radius of the sphere of
influence would be rsmr ~ 1.5 — 63 pc.

An increase in the fraction of obscured sources with the redshift
has been found by several studies carried out in the past years>’!!%,
This could be possibly related to the observed increase in the amount
of gas in galaxies with increasing redshifts''®, which would straight-
forwardly lead to larger fractions of obscured sources. Moreover, both
simulations and observations have shown that at higher redshifts galaxy
mergers are also more common than in the local Universe''”"'"®. Con-
sidering the enhanced levels of obscuration observed in mergers, this
could also contribute to the increase of f,ns With redshift.

4 The intrinsic column density distribution of
sources accreting at different Eddington ratios
While Swift/BAT observations are unbiased for N S 10%* cm ™2,

they can still be affected by obscuration for Ny > 10** cm™2. We

infer here the intrinsic Ny distribution of local accreting supermas-
sive black holes. This was done by correcting the observed column
density distribution for selection biases>* "’ to obtain the “Ny func-
tion”, i.e. the intrinsic probability distribution function of Nyu. For
our Swift/BAT sample this was previously calculated in Ref. 3, where
we also obtained the intrinsic Ny distribution by dividing the sample
into two luminosity bins. Here we follow the same approach, separat-

ing sources into two Eddington ratio bins: 10™* < Agaa < 1077

and 107"® < Agqa < 1. This was done using the Eddington ratio

obtained from the intrinsic 14-150keV Swift/BAT luminosities, using

a bolometric correction of 8.47 (i.e. equivalent to ka—10 = 20 for

I' = 1.8). The intrinsic fractions of sources in different Ny intervals

are listed in Extended Data Table 1. The results show a very significant

decrease in the fraction of Compton-thin obscured AGN for increasing

Eddington ratio, with fops = 64 £ 5% at 107* < Agaa < 1075

and fops = 19 4+ 4% at 107%° < Aggq < 1. Normalizing the Ny

function over the range Ny = 10%° — 10%% cm ™2, we find a fraction of

Compton-thick AGN of for = 23 4 6% for 107" < Aggq < 10715,

and for = 22 4 6% for 107 % < Agaa < 1.

Extended Data Table 1: Intrinsic fraction of sources with a given
column density in different ranges of A\gqq. The table lists the (1)
Ny range, and the fraction of sources within that Ny range for (2)
—4 < log AEdd < —1.5 and (3) 15 < log AEdd < 0. The values
are normalized to unity in the log( N/ cm™2) = 20 — 25 interval.

(M 2 3
log (N /cm™?) —4to—15 ~1.5t00
(%] (%1
20-21 8+6 45+ 4
21-22 5+1 1442
22-23 26 +3 7+3
23-24 3844 12+3
24-25 2346 2247

Data Availability Statement The datasets generated during and/or anal-
ysed during the current study are available from the corresponding author
on reasonable request.
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